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Sin ' 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific CumculumVitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent applicatioa 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et 'aL. PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) • 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung arid colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i:e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown . 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. ^declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare mat these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 




Date Audrey D. Goddard, Ph D. 
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A 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 110 Congo St. 

1 DNA Way San Francisco, CA t 94131 

South San Francisco, CA, 94080 415.841.9154 

650.225.6429 41 5.81 9.2247 (mobile) 

goddarda@gene.com agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 -present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department/Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 
• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

Ph,D " ■' - . ■ ■ ' ■ A . University of Toronto 

"Phenotypic and genotypic effects of mutations in TorQnto 0ntari0i Canada. 1989 

the human retinoblastoma gene." Department of Medical 

Supervisor: Dr. R. A. Phillips Biophysics. 

Honours B.Sc McMaster University, 

'The in vitro metabolism of the cytochrome P-448 Hamilton, Ontario, Canada. 1983 

inducer p-naphthoflavone in C57BL/6J mice." Department of Biochemistry 
Supervisor: Dr. G. D. Sweeney 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A ( Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. . 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q t Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood WL Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
1 7 receptor homolog IL-1 7Rh1 . Journal of Biological Chemistry 276(2): 1 660-1 664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl* Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. . 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10 f a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-21 8. 

Ridgway JBB. Ng E, Kern JA f Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. ScL USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662); 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2UTRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19: 15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1 996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1 996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.187-215. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A. Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1 995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lemmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269; 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1 994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Kate F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene. PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl 3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1 992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J arid Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254: 1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991 ) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet 46: 1024-1033. 

Gallie BL, Squire JA f Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest 62: 394-408. 

Goddard AD, Phillips RA t Greger V, Passarge E t Hopping W ? Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL (1989) 
Gprmline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: .312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigbrsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York, 1988, pp. 
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SIMULTANEOUS AMPLIFICATION AND DEHCTI0H Of 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni* 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential tencfits of PCR 1 to.ctfn- 
kat diagnostics arc weU known, 2 ' 5 , it is still not 
widely used this setting, even though it is 
fenxr yean eincq th©riw?*t*bl* DMA. poly™ le- 
ases 4 made PCR practical, Some of the reasons fot it* slow, 
acceptance are high cost, tack of automation of pre? and 
post-PCR processing steps, and false positive results, from 
carryovCT -contamination. The first two points arc related 
in that Ubot is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once tbermocy* 
ding is done in order *o determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridation** gel eJectrophoreAis with or 
without use of restriction digestwn 7 ;*, HFtCr, or capillary 
electrophorcsU 10 * These method* ire labor-intense, ha^e. 
low throughput* and arc difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that anrpKfied DNA "will 
spread through die typing- lab, resulting in • a .risk of 



carryover w false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific- amplification and detection of .amplified 
DNA took place simultaneously wtthrn an unopened re- 
action vessel Assays m which such different processes take 
place without, the need to separate reaction components 
have been termed \bomogerteous*\ No truly homogc-. 
neous PCR assay has been demonstrated to date, although 
progress toward* this end has been reported. Chehab, et 
al l * developed a PCR product detection scheirtc using 
fluorescent primers that resulted in a fluorescent PCR 
product AUdc-fipecific primers, each with different fluo- 
rescent tags, were used to indicate- the genotype of the 
DNA. However, the unincorporaied primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al 15 , developed an assay in 
wtucfr the endogenous 5 f -cxdnuclease assay of Taq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR ampSfc- 
cation had produced its complementary sequence, lu 
order to detect the cleavage products, however, a subse- 
quent process w again needed. 

We have developed a truly horrtogeneouA assay for PCR 
and PCR product detection based upon tbc gready in- 
creased fluorescence that ethidiura bromide and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA 1 * 1 - 15 . As outlined in Figure 1, a prototype PCR 
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mOBE 1 Prindd^ of simultancouH amplifioOion and detection o;f 
PCR product: The cenftipoacnt* ofa PGR cootainrn^ EtRr that are 
OuoresQGiK are ftsted— -EtBr itself; EtBr bound to ether ssDN A or 
daDNA. There is a lar^e Suorcscencc enhancement when EtBr is 
bound to DNA and holding is grc&tty enhanced when DNA is 
double-stranded. After sumdent <n)..cydcs of PCR* the .net 
increase in d.^NA residts in additional -£tBr bm'dia^ and a net 
increase in total fluorescence: 
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BCTOi % Gd electrophoresis of Kit amplification products of the 
human, nudcar gene, HLA DQfc, made in the presence of 
increasing amounts of EtBr (up to 8 Mgftnl). The presence of 
Et3r has no obvious effect cm the yield or specificity of amplifi- 
cation. 
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H6QXE $ (A) IttfeOtesceace measurement* -from PCRs that conlatQ 
0.5 ugfrn! EtBr and that ate specific for Y^rotnosonie repeat 
sequence*. Frvc replicate PCRs tvere begun containing each of the 
DNAs specified. At each indicated cycle, one of the five replicate 
PCRs for each DNA was removed from thermocydmg and its 
fluorescence measured. Unite of fluorescence art arbitrary. (B) 
UV photography °f PGR tuha (0,5 ml Eppcndorf^tylc, polypro- 
pylene microcentrifuge tubes) con^Kung reactions, those start- 
inz from 2 ng male DNA and control reactions without any DNA, 
from (A). 
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begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts ofDNA iT to 
micrograms per PCRH*, If EtBr is present, the reagent* 
that will fluoresce, in order cu* increasing fluorescence, are 
free EtBr itself, and EtBr bound to the singk-fitranded 
DNA primers and to the doubtcsjtranded target DNA (by 
its intercalation between the stacked bases of the DNA 
do^blc-hcSx). After the first denatu ration cyde, target 
DNA will be largely single-stranded. After a PCS is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional cbDNA, resulting in an increase m fluores- 
cence There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much Jess than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalL The fluores- 
cence increase can be measured by directing radiation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, theraoey- 
ding. 

RESULTS 

PGR in die presence of EtBr. U> order to assets the 
affect of EtBr in PGR, amplifications of the human HLA 
DQa gene >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 (a tyDtea} concen- 

tration of EtBr used in staining of nucleic acids following 
get electrophoresis is 0*5 Hgfrnf). As shown in Figure 2/gel 
electrophoresis revealed little or no d&rcrencc in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PGR, 

Detection of human Y-chrontowHnc speri£c se- 
<jociices» Sequence-specific fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0.5 ugfrni EtBr and primers 
specific to repeat DNA sequences found on the humaa 
Y-chromosomc 80 - These PCRs initially contained either 
6t> ng male* 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0> 
17, 21 , 24 and 29 cycles of therniocyding, a FOR £6? each 
DNA was removed from the theriuocyder, and its fluo- 
rescence measured in a spectrofluorometer and plotted 
V5, amplification cyde number (Fig. 3A). The shape of this 
curve tegects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA U 
beaming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. Tbe more male DNA 
present to begin with— €0 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex* 
pected skc were made in the male DNA containing 
reactions and that Ifcue DNA syutt>e$i$ took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs oo a W 
transflhiminator and photographing them through a red 
filter. This is shown in figure SB lor the reactions thai 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alkie* of the human ji-globin 
gene* In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a d&cexion 
of the $rckle-cctl anemia mutation was performed- E^ure 
4 shows the fluorescence from completed axapSfcatioxis 
coritaixting EtBr (O.S p-g/ml) a* detected bf photography 
of the reaction tubes on a UV transiliominator. These 
reactions were performed using pntners specific for ci- 
ther the wDd-tvpe or sickle-ceil mutation of the human 
p-globin gene* . The specificity for each allele i$ imparted 
by placing the sickle-mutation site at the terming 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature* primer exCe&$lon-~and thus am~ 
plification— can take place only if the $* nucleotide of tte 
primer is complcrDCDtary to the p«gtoWn allele present^ « 

Each pair oF amplications shown in Figure 4 consists of 
a reaction with either the wihUype allele specific fleft 
tube) or skkk-alkle specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type f^globin individual (A A); from a heterozygous 
skkle ^-gipbin individual (AS); and from a homozygous 
siclde p-globm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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p f reactions each). The DNA .type vas reflected in the 
relative fluorescence intensities in each pair of completed 
am pli£catk>ite* There was a significant increase in fluores* 
gepoe only where a f^globin aDele DNA matched the 
primer set. When measured on a spectrofluororaeter 
j^ala not shown), this fluorescence was about three times 
j^t present in a FCR where both p-gfobfri alkies were 
nusitiatchcd to the primer sec Gel electrophoresis (not 
pltowA) established that this increase in fluorescence was 
due to die synthesis of nearly a microgram of a DNA 
fragment of the expected size for P-gbbin. There was 
Jitdc synthesis of dsDNA in reactions in. which the aHele- 
j^edfic primer was mismatched to both alleles. 

Continuous raroutoring of a PCR. Using a fiber optic 
devteer k is possible to direct excitation ittuminaiion from 
p spectrofl uorometer to a PCR undergoing thcrmocyding 
and to return its fluorescence to the jqpectroflmorometer. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification ot Y*chromo- 
fionac speci&c sequences from 25 rtg of toman male DNA* 
U shown in Figure 5. The readout from a control tCR 
with no target DNA is also shown* Thirty cycles of PCR 
were monitored for each- 

The fluorescence trace as a function of time clearly 
shows the effect of the thermocyeling. Fluorescence inten- 
sity rises and fails pycrscly with temperature The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (94°C) and maximum at the anneaUne/esieittion 
temperature (SOX). In the negative-control FCR,. these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty rocrmocycM, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any Welching of EtBr during 
the continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of thcTraocyciing, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable leveL Note that die fluo- 
rescence minima at the denaturadon temperature do not 
sigtuftcandy increase, presumably because ai thh temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-Apecific probe can enhance die specificity of DNA 
deceuivu u? FCR. The cHiniixatKm of uSeac processes 
means that' the spedfidty of this homogeneous assay 
depends solely on that of FCfc. In the case of dckle-celi 
disease, wc have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spedfidty required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens m the samnJe and 
the amount of other DNA that must be taken with die 
sample. A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells*, Ccropared with genetic 
screening, which is performed on cells containing at least 
one copy of the target sequence* HIV idetectiQn requires 
both more specificity and the input of more total 
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. UV ph otog] ' ftpfa Y of PCR tubes containing ampGJfcatipiis 

using EtBr mat are specific to wild-type (A) or stc&c (S> alld« of 
the human p-globin gene. The left of each of tubes contains 
aBele-spcdfic primers to die wild-type alleles, the right lube 
primers to the skWe attek. The photograph was tafceo after SO 
cycles of PCR, and the input DNAs and- the alleles thev contain 
arc indicated. Ftfty ng of DNA was used to begin FG& Typing 
was done in triplicate (3 pairs oFPC&i) for each input DNA. 
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n&tKS Continuous, real-time monitoring of a PCR. A fiber optic 
was used to carry, excitation Hgfrt tn s r\JR m progress and also 
emitted light back to a fltioro meter (bcc Experimental Protocol). 
AinptificaUon using butnan nudo-DNA specific primers in a PCR 
starting with 20 ng of human male DNA (top), or in a control 
PCR without PNA (bottom), were roonhored. Thirty cyd« of 
PCR were faflowed for each. The temperature Cycled between 
94*C (denaturatkm) and 50*€ (annealing and extension). Note in 
the male DNA PCR, . the cyde (tune) aeptntfem mcrcasc in 
fluorescence at the anncaHng/extenaion temperature. 
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DNA— up to microgram amount— ia order to have suf- 
ficient numbers of target sequences. This large amount of 
starling DrtA m an ampttfeatioa signibcanUy increases 
the background fluorescence over which any additional 
fluorescence produced by FCR must be detected. An 
additional complication that occurs with targets in tow 
copy-number is the formation of the "priraer-dimer" 
artifact This is the result of the extension df one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete with 
true PGR targets if those targets are rare. The primer- 
dirncr product is of course ds>£>NA and thus is a potential 
source of raise signal in this homogeneous assay. 

To increase FCR specificity ana reduce the effect of 
primer-dimcr amplification^ we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a. single tube*, and the 
^hoi-starf \ in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Prelhrtinary resuks using these ap- 
proaches suggest tbatprujicr-duTjeT b effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* celts. With krgcr nutubcra of ccfls, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use seo^ence^spednc DNA4>inding dyes 
that can be made to preferentially bind PGR product over 
genomic DNA by mcorporating the dye-binding DNA 
sequence into the FCR product through a 5' "add-on" to . 
the oli^nvclcoddc primer 24 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containuig PCR is straightforward, 
both once PCR is completed and continuously during 
thermocydiruj. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alrcadypossiblc with existing instru- 
mentation in 96-weIl formarV. In this format; the Buores* 
ccncc in each PCR can be cjuantitated before, after, and 
even at selected points during therrnocycu ng by moving 
the rack of PCRs to a 96-microwclI plate fluorescence 
reader 4 *. 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PGR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) with continuous raorutormg have shown a 
sensitivity to two-fold differences in inhiaJ target DNA 
concentration. 

Conversely if the number of target molecules is 
known — as' it can be in genetic screening— con tinuons 
monitoring may provide a means of detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PGR. 
increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
resuks due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary to detect a true 
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positive. If a sampJc fails to have a fluorescence increase 
alter this many. cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of tt& false 
posiuWfalse negative rates w31 need to be obtained using 
a large number of known samples. 

In Summary, the inclusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Human HLA-DOcc gene amplifications irataixung EtBr. 
PCRs were set up ittlOO t*l vofames confining 10 mM THs^HCh 
pH 8.3; 50 mM KC1: 4 mM MgC^r « units of fag DNA 
polymerase (Ferkm*£}mcr Ccuxv Norwatk* CT); SO pinole cacti 
of human HlA-DQa gene specific digonudcoaoe primers 
GH26 and Ctti? 19 and approoaroattly 10* copies of DQ* PCR 
product diluted from a previous reaction. Ethidium bromide 
fEint; Signta} was used at toe concentrations indicated in Figure 
2* Tbcimocyding proceeded for 20 cycles in a model 480 
thenmxyder (Per kin-Elmer Cow*, Norwalk, CT) using a "step- 
cycfc" program of 94°G for 2 mhx. -denaturatian and WrG for 30 
sec annealing and 72°C for 30 sec. extension. 

Y-chromosomc specific PCR* PCRs (100 ul total reaction 
volume) contauiing t)4» Hfifo&l EtBr were prepared as described 
for HLA-DQcf, except wim different primers and target DNAs. 
These PCRs combined 1 5 pmolc each male DN A-specUfC primes 
YI.l and and cither 60 ng male, 00 ogferoale, 2 ng mak. 

or no human DNA. Tberniocycling ^sW^Cfor 1 min, and 
Cor 1 inin using a "rtcp-cyde* pro-rata. The number of cycles for 
a sample were as indicated ia Figure 3. fluorescence measure- 
ment is described below. 

Allck^apcctfic, human ff-globui gw* PCR* AmpUncaiions of 
100 fd volume using 0 5 pugAnl of JUBr were prepared as 
described for H LA-DQ* above except with different primers and 
target DNAs. These PCRs contained either primer pair HGPS/ 

HA (wiUHype globtn speeulc primers) or HGF!WHpl4S 
Ic-giobin specific primers) at 10 pmoJe each primer per PCR, 
These otimers were developed by Wu ct al 21 . Three different 
target DNAa were used u> separate amplificatiOna—50 ng each of 
human DNA that was homozygous for the $kVk trait (SS), DNA 
that was hetcroryTOus far the sickle trak <AS)» or DNA that was 
hom02rgt>U5 for ute'w.t- globin (AA). Thcrmocycfing was for SO 
cycles at *TC for 1 nun. and 55*C for 1 min. itsw| a "sttp^ycfcf 
program. Ail annealing temperature of 55°C b*dhcen shown fry 
Wn et al* 1 to provide allc!e*pcrific ampliation. Completed 
PCRs were photographed through a red fitter (Wratten 23A> 
after placing the reaction tube* ftiop a model TM-36 transffluflfti- 
nator (UV-prOducw Sah* Gabriel, CA). 

Fhtoreseencemeasnicnicnt. Huorescetwe measurements were 
made oh PCRs containing EtBr in a Fluoro!og»2 uttoro meter 
(SPEX, Edison, NJ). Excitation was at the 500 nm band with 
Ahour 2 nm bandwidth with a OG 435 nm cut-off filter (MeHfj 
Grist. Inc., Irvine. CA) to exclude second-order light , Enuued 
light was detected at 570 nm with a bartdwiddi of about 7 nm- A" 
OG 530 nm cut-off filter Was used to remove the excitation Hgfct. 

CautiuttOUA foHMretccBcc m uu i i ukln g of FCR, Continuous 
monitoring of a fCR in progress was accomplished using mC 
spectrofiuorometer And settings described above as WCU as a 
nberopoe accessory (SEEX cat- no. 1950) to both send cxatatiou 
Rght to, and receive emitted light from, a PCR placed in a well Oj 
a model 430 ihermocyclcr (Perlb-Elmer Cetus). The probe end 
of the fiberoptic cable was attached wall "5 mm,«c-cpoxy p to the 
open top of a FCR tube (a 0.5 ml polypropylene centrifuge rube 
with Hs cap removed) efTeawely seabog it The exposed top at 
the PCR tube anil the end of the uberopUC cable were shielded 
from room ught and the rOOCO light* were kept dimmed during 
• each nip. The monitored FCR was an ompTarieauon of y-cbio- 
rnosorne-fipecirk repeat se^vences V described above, cxCc|H 
using.an anncaHng/extension temperature of 50°C. The reaction 
was covered with u>ij*tr*J oil <2 drops) to prevcrtt evapdra&on- 
Tbermocyding and fluorescence roc^urcincnt were started «- 
| midtancously, Auuie-basc<c*nwith alOs^ 
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Wi » used find che emission Stgnal wis ratioed to' tbc excitation 
•ugKvd to control for change* w light-source intensity, Jfo&.wcrc 
Joliccicd using the dn»3000f, version (SPEX) data system- 

Wc itaiw Bob Jones for help with the spectrofluormemc 
flKVutfrements andHcalherMl Fc*ny for editing this manuscript 
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IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CO-14 molecule is' expressed on the surface of 
moncx;ytes and some macrophages. Membrane- 
bound CD-14 is a receptor for ripopotysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentrailon of fts soluble form is altered under 
certain pathological conditions. There is evidence for 
an important rote of sC0-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cufture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(mfcraSter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



for more information call or fax 
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SiMULTANEOUS AMPUHCATION AND DETCCFION Of 
SPECIFIC DNA SEQUEHCES 

Russell Higuchi*, Gavux Bollinger 1 , P. Sean WalSb and Robert Griffith 

Roche Molecular Systems. Inc.. 1400 S5rd St., Emeryvttte, CA 94608- »Owon Corporation, 1400 53rd Sl, Eroayvtflc, CA 
"N^oircspoading author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires die addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (d?) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PGR 1 to. clin- 
ical diagnostics arc wet! known 2 - 5 , it te siiu not 
widely used in this setting, even tltough it is 
fput- year* fiiucQ thcrnwittsiblA DMA polymer- 
ase* 4 made PCR practical. Some of the reasons for It* slow, 
acceptance are high exist, tank, of automation of pre- and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The Erst two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PGR development. Most Current assays require 
some form of "downstream" processing once tbermocy* 
ding ts done in order to determine whether the target 
DNA sequence was- present and has amplified, These 
include DNA hybridiwekm** gel electrophoresis with or 
without use of restriction digestion 7 **/ H?LC?t or capillary 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and Are difficult to automate. The third 
point is abo closely related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place shnultancoxttly within an unopened re- 
action vessel Assays in which such different processes take 
place without. the need to separate reaction components 
have been termed ^^homogeneous* 1 . No truly homogc-. 
tieous PGR assay has been demonstrated to date, although 
progress towards this end has been reported.- Chehab, et 
aL 1 * developed a PCR product detection schettfc using 
fluorescent primers that resulted in a Ouorcscent PGR 
product Ailetc-spedfic primers, each with different fluo- 
rescent tags, were used to indicate- the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al. 15 , developed an assay in 
which the endogenous 5 r <:xonuclease assay of T<*J "DNA 
polymerase was exploited to cleave a labeled -oligonucleo- 
tide probe. The probe would only dcave if PCR ampfih* 
cation had produced its complementary sequence. fc> 
order to detect the dcavage products, however, a subse- 
quent process w again needed, . 

We have developed a truly homogeneom assay for PGR 
and PGR product detection based upon tbc greatly in- 
creased fluorescence that ethidiuEn bromide and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA t4 ^ 6 . As oudined in Figure 1, a prototypic PGR 
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diOHAfCRpntttm 

RQORE 1 -Principle of simultaneous amplification and detection of 
PCR product The cOinpCacnt^ of a PCR CO atari nhi^ EtBr that arc 
fluoresQHK arelisied^tBr itself; EtBr bound to either ssDNA ot 
daDNA, There is a large Suoresecnec cnhaaccnicnt when EtBr is 
bound to DNA and bouting is greatly enhanced when DNA is 
douhlc-stracndcd. After sumdcuL (n) .cydcs of PGR, the .net 
increase in dspNA resuks in addilxooai EtBr biitdBn^ and a net 
increase in total fluoxcsccnce: 
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ROWi 2 Gd electrophoresis of PGft amplification products of the 
human, txudcar gene, HLA DQe, made in the presence of 
in crowing amounts of EtBr (up to 8 M^tnQ. The presence of 
EtBr has no obvious effect on the yield or specificity of amplifi- 
cation. 
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O 17 21 25 29 ^ 
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DMA 




HGOII & (A) ItOOfesccnce measurements hxm PCRs that contain 
0.5 K§finl EtBr and that are specific for Y^irotnosorijc repeat 
*eauencc*. Five replicate PCRj were begun contain big each of the 
DNA* specified. At each mdksitcd cycle, one of the five replicate 
PCRs for cs»dt DNA -was removed from thcrmocyding and its 
fluorescence measured, Unit* of fluorescence Are arbitrary. (B> 
UV photography of PGR tube* (0.5 ml Eppendorf^tylc, polyprO* 
pykne mtcro-cetitrifuRc tubes) contetofog reactions, those *ca.rt» 
ing from 2 ng male DNA and control reactions 
from (A), 



$ without any DMA, 



begins with primers that are single-stranded DNA (ss* 
DNA)* dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) ifi 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PGR* 8 . If EtBr is present, the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the singk^Lrandcd 
DNA primers and to the doublcssti^ndcd target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc^hcfix)* After the first denatu ration cycle, target 
DNA will be largely single-stranded, After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms- Formerly free EtBr « bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence* There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even coniinuously during, thermocy- 
ding. 

RESULTS 

PGR in the presence of EtBr. In order to' assets the 
affect of EtBr In PGR, ampHficaLtons of the human HLA 
DQet gene >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 u.g/ml (a typical concen- 
tration of EtBr used in staining of nudek acids fottowing 
get electrophoresis is 0.5 u,g/rnr) r As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplication product whether' EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PGR, 

Detection of human Y-c^ttOatcraonra specific w 
tjoences* Sequence-specific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated ia a scries of 
amplifications containing 0*5 jtg/mi EtBr and primers 
specific to repeat DNA sequences found on the human ; 
V-Arotnosornc^- These PCRs initially contained either : 
60 ng male. 60 ng female, 2 ng roak human or no DNA. 
Tive replicate PCRs were begun for each DNA, After 0, 
17, 21 , 24 and 29 cycles of therniocycling, a PGR for each 
DNA was removed from the thermoeyder, and its fluo- 
rescence measured ia a specrroflnorometer and plotted 
vs, amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the rime an increase ia 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
xag human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 tig— die fewer 
cycle* were needed to give a detectable increase in fluo- 
rescence. Oel electirohcaesis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male. DNA containing 
reactions and that Eule DN A synthesis took place in the 
control samples, 

In addition, the increase in, fluorescence wa* visualized 
by simply laying the completed, unopened PCRs on a UV 
trartsilfomin&tox and photographing tbcm through a red 
filter. This is shown in figure SB ibr the reactions thai 
began with 2 ng male DNA and those with no DNA- 

Detection of specific allele* of the human 0-gLobui 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a defection 
of the SKkle-cdl anemia mutation was performed Figure 
4 shows the fluorescence from completed axapj^tatioa* 

containing EtBr (0.5 |xg/ml) as detect** by photography 
of the reaction cubes on a UV transulurxiinator, These 
reactions were performed using primer* specific for ei- 
ther the w3d-tvpe or sickk-ceil mutation of the human 
P^obin gene* . The speciftdty for each allele is imparted 
by placing the sickle-mutation she at the terminal V 
nucleotide of one primer. By using an appropriate primer 
anjaealing temperature, primer extension — and thus an> 
pliocalion--can take place only if the 5' nucleotide of dw 
primer is complementary to the 0-giobui allele present* 5 * 2 . 

Each pair of amplifications shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or stcklc-allele specific (right tube) primes. Three 
different DN As were typed: DNA from a homozygous, 
wild-type p-giobin individual (AA); from a heterozygous 
sickle ^gipbin individual (AS); and from a homozygous 
sickle P-giob?o individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was uaalyzcd in triplicate (3 pairs 




PAGE 3/6 * RCVD AT 7/19/2004 3:10:03 PM pacific Daylight Time] * SVR:SVCS0110 * DNIS:6638 ^ CSID:650 952 9881 * DURATION (mirws):0446 



JUL-19-E004 13:51 FROM:GENENTI 




GAL 650 952 9881 



0 f reactions each). The DMA .type vas reflected in the 
Jjative fluorescence intensities in each pair of completed 
amplifications. There was a significant increase in fluores- 
ce* only where a p-gtobin allele DNA matched the 

! )( jiucr act. Whcr* measured- ou a spcttrofluororaetcr 
^tfi not shown), this fluorescence was about three times 
tfort present in a PGR where both p-globin alkies were 
mismatched to the primer set. Gel electrophoresis (not 
jhown) established that this increase in fluorescence vas 
due co the synthesis of nearly a microgram of a DNA 
fragment of the expected size for &<£lobin> There was 
iitdc synthesis of dsDNA in reactions in. which the allele- 
specific primer was mismatched to both alleles. 

Continuous m<mhoriog of a PGR- Using a fiber optic 
device? H is possible to direct excitation illumination from 
p spectrofluorometer to a PGR undergoing thcrmocyding 
and to return its fluorescence to the «pearon^orometer. 
The fluorescence readout of such an arrangement, di- 
rected At an EtBt>containing amplification ofY^chromo- 
jome specific sequences from 25 njr of human male DNA> 
Li shown in Figure 5. The readout from a control tCR 
villi no target DNA is also shown. Thirty cycles of PGR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and. foils inversely with tempetature* The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature ($4°C) and maximum at the anneaUn g/exteniion 
temperature (SOX). In the negative-control FCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrmocyckfi, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
the continuous illumination Of the sample* 

In the PGR containing male DNA, the fluorescence 
maxima at the annealing/exteiision temperature begin to 
increase at about 4000 second* of theroocyding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable JeveL Note that the fluo- 
rescence minima at the denaturatioa temperature: do not 
fligfniRcandy increase, presumably because ax thh temper- 
ature there is no d&PNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the ejcpcctcd size for the 
male DNA containing sample anct no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance die specificity of DNA 
oeceuiivu by PGR* The cHmuwoori <rf (hcac processes, 
means that' the specificity of this homogeneous assay 
depends solely on that of FCR. la the case of sickle-celi 
disease, we have shown that PGR alone has sufficient DNA 
sequence Bpecffirity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spedficky required to detect pathogens can be 
more or less than that required* to do genetic screening, 
depending on the number of pathogens in the samnle and 
the amount of other DNA that must be taken with the 
sample. A dimeuk target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on celts containing at least 
one copy of the target sequence* HIV idetectkwi requires 
both more specificity and the input of mote toral 



46638 



P:4' 



mm 



Homozygous 

AA 



Heterozygous 

AS 



Homozygous 

ss 



mphy of PGR tubes containing an 



using EtBr urn at* specific to wild-type (A) or sk&c 
the human £-globin gene. The left of eachpiurof 



mi 

i> allele* of 

aHele-Miccifk: 'prhner* to the wild-type alleles, the right tube 
primers to the sicWe atl*fc- The photompfa wa* tafca after 30 
cycles of PCR, and the input DNAs and the alleles ihev contain 
ar« indicated, tffty lag of DNA was used to begin PGR Typmg 
was done in triplicate (3 paitt ofPOfc) for each mpmDNA: 



25°C 



20r>g of mate DNA 



25 c 




94 C 



no DNA control 




r-T- n = r r 

2000 4000 6000 8000 
time (sec) 

nGtt&S Confiattous, rcaUhae monitoring of a PCR. A fiber optk 
was oscd to carry excitation light tn a FUR m progress and abo 
emitted light back, to a fiuoromctcr (dcc Exnenftlcntal ^wxty 
Ainptificanon using human malo-DNA specific primers tn » PCR 
swSg with 20 rtg of human male DNA (top), w in * control 
PCR without PNA (bottom), were roonrtorcd, Thuty cvd» of 
PGR were roWowed for each/The temperature cycled between 
94*C (denaturatiotn) and 50*0 (annealing and e*tcnsKra>, Note in 
the male DNA PC^.the cycle (banc) dependent increase in 
fluorescence at (he anneaBng/extension temperature, 
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1>N A— up to microgram amoimt»~-ia order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA ht an amplification sig&i&cartdy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that ocean with targets in tow 
copy-number is the formation of the "primet-dimer" 
artifact This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimer product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 
To increase PGR specificity and reduce the effect of 

grimer-dimcr arrtpUfVcarioo, we axe investigating a num- 
er of approaches, including the use of nested-primer 
amplification* that take place in a single tube 8 , and the 
"hot-start*, in which nonspecific amplication » reduced 
by raising the temperature of the reaction before DNA 
synthesis begins* 5 . Preliminary results using these ap- 
proaches suggest that primcr-dtrocr is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* celts. With larger numbers of ccH.% the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce th5g background, it may 
be possible to use sequence-specific DNA-bmding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by utcorporating the dye-binding DNA 
sequence into the FCR product through a 5' "add-on" to 
the oligonucleotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr<ontaining PCR is straightforward, 
both once PGR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alreadypossiblc with existing instru- 
mentation in 96-well format?*. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during therraocyriirtg by moving 
the rack of PCRs to a 9o-rnicrowcJl plate fluorescence 
reader 40 . . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the czdtaUon light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PT.R a fluorescence increase is detected. Prelimi- 
nary experiments <Higychi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules 
VflQwn — as it can be in genetic screerung-Teontinuous 
monitoring may provide a means of detecting fafec posi- 
tive and false negative results. With a known number of 
target moleeuks, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
results due to, for example* inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker tcsuIcs in a 
fluorescence increase only after a large number of cy- 
cles — many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inaction may be suspected. Since, 
to this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone such controls may 
be important In any event before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negadve rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specinc DNA amplification from outside 
he PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
n apphcations that demand the high throughput of 
samples, 

EXPERIMENTAL PROTOCOL t m ^ 

Human HLA-DOa gene ^pKfkatiotts wmtauyng Et&. 
PCRs were set up in 100 M volumes containing 1 0 mM Tns-HQ, 
pH 8.3; 50 mM RCI; 4 mM MgCt « units of Toe DNA 
polymerase (PerkiiuEltncr Ccma. Norwulk* CT); 20 wnote caett 
of human HtA-DQa " gene specific oligonucleotide primers 
(H12B and CH27 1 * and approximately 10* coptwof DQa PCR 
product diluted from a previous reaction. Rhidium bromide 
(EtBr; SigttwO was used at tbe eventrations indicated in Figure 
2. Thcrmocyding proceeded for 20 evdes in a model 480 
thcTHwcydcr (Pertfn-EJmer Ccui*, Norvralk, CT) usmga "step- 
cycle" program of 94*C for 1 djitl dccaturaUon and WV w w 
sec. artaeaSng and 72*C for 3D see. extension, 

V-chnHBoscnnc specific PCR. PCRa (100 pi total rcacuon 
volume) containing 0^ v&fm\ EtBr were prepared as described 
for HLA-DQa» except with dhlercnt primers and target DNAs. 
These PCRs contained 1 5 prootc each male ON A-*pectfic primers 
YI . 1 and V 1.2*\ and cither 60 ng male, 00 Ogfemale, 2 ngn^ 
ot no human DNA. Therroocyttling was94*CTor 1 nun- and 6^C 
for 1 m'm using a "step-cycle* pTpetam. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment w described below. ^ t , 
Allek^pccuic, human p-globin 5c** PGR, AmpUncauons of 
100 id volume' using 05 jtgAnl of £tBr were prcjKttcd a; 
described for HLA-DQa above except with different primers ana 
target DNAs. These PCRs contained eaher'. primer pan- HOPS/ 
H614A <w8d-<rpe tfobin spechlc primcxs) or HGP2fli£14S 
Ic-dobin spcafic primers) at 10 pmole eftch pruricr per PCJt 
These primers wcVe developed by Wu ct aL ai . Three duTcrenl 
CatgeL DN Aa were tucd in separate ampUficationar-^50 ng eaeb of 
human DNA that was homozygous for the sicMc trait <5S). DNA 
that was heterozygom for the sickle watt <A$X or DNA that vas 
houK^rgous for the w.t- globin (AA). ThcTmocycfing was w30 
cycles at 94"C For 1 mm. and 55*C for 1 min. itsm| a "step-cyefe 
program. An annealtng temperature of S$°C h*$ been shown ty 
Wu ei ai 21 to provide allde^pcrific atnpljtouon. 
PCRs were photographed through a red ftUcr (Wratten^A) 
ate pfacWi ^aXn l«bcs aSn a model TM*S6 tranfliHutni- 
nator (OV-producti San-Gabriel, CA). 

FhiorescWiTieasiiTCinEnt. nw>resoence measurements iwct* 
mao> on PCRs containing EtBr "m a nuc^olog^ flttoron^ter 
(SPEJt Edison. NJ). Excitation was at the 500 nra band w^ 
knout 2 nm bandwidth with a GO 435 ntj c^^ff^tetjMeto 
Crist inc. Irvine. CA) to exclude Joaaa^f&^^t t l^ 1 ^ 
y ght was detected at 570 nm with a bandwidth of about 7 nm. An 
Ob 530 nm cut-off nfter Was used to remove iheacataoon hgnt 

ContitHiouA mioresicence memxtoring of FCR, Contmt^ous 



BpcctrofiuSromeier and letdngH descrfced above as well 
m^cropoc accessory (SPJ&X cat no. 1S50) to bonv send excttauoa 
fight to. and receive emitted light from, a PCRjtel m a wcBnf 
a model *80 wermocyclcr (rN:rfcin-EIn^r Cetus). The probcend 
of the fiberoptic cable was attached vsth "5 nwoutc-cpojy' to tbe 
open top of a PGR tube (a 0^ ml polypropylene centring tube 
wtth its tap removed) effectively scaling it The catpos«f top <* 
Uie PCRtube and the end of the fiberopuc caWe were sljjcWcd 
from room light and the room lights were kept dutimed durmg 
each run. The monitored PCR was an amplimcauon of Y-^o- 
mosdme-spedfk repeat sequences as described above, cscept 
usinff an anncaKngfettensktti temperature of SOX. The reacoao 
was covered ivith mineral oil (2 drops) *> cvaporanon- 
Tfecrnwq'cHmrand fluorooence measurement vcre started 
multancously. A Urne-basc scan witn a 10 second integrator tnnc 
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was uFdd and the emission signal was ratioed to' tbc excitation 
*ugic»ftl to control foe chaD&es in light-source intensity, itota were 
Reeled using the drn3W0f, version 15 (SPEX) data system. 
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The CO-14 molecule is expressed on the surface of 
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bound CO-14 is a receptor for lipo^tysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). Tne 
concentrailon of it& soluble form is altered under 
certain pathological conditions. There, is evidence for 
an important role of $CD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic manner and is therefore of value in 
rnonftortng these patients. 



IBL offers an EUSA for quantitative determination of 
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Assay features: 12x8 determinations 
(micruSter strips), 
precoated with a specific 
monoctonai antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 

For more information caH or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Uvak, Susan J.A. Flood, Jeffrey Marmwo, William Giusti, and Karin Deetz 
Porkln-Glmer, Applied Ufosystcms DJvUlon, Foster City, California 94404 



. The 5' mjctoat* PCR at»y detects th© 
\ Accumulation of specific PCR producft 
1 by hybridization and cleavage of a 
double-labeled fluorogentc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 

* both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensify In- 
dicates that the probe has hybridized 
to the target PCR product and U*% 

< been cleaved by the 5 # -»J' nucle- 
olytlc activity of Too DNA polymerase. 
In this study, probes with the 

* quencher u>r attached to an Internal 
nudeotldc were compared with 
probe! with the quencher dye at- 
tached to the r-end nucleotide. In all 

1 cases, the reporter dye was attached 
' to the 5' end. All Intact probes 
thawed quenching of the reporter 
fluorescence. In general, probes with 

* the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased llhellhood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR, Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybrid lied to a com- 
plementary strand. TliuV oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybrldlza- 



#*% homogc»neou& aunay for detecting 
tin* mcvui nutation of specific i*CR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al/ 1 * 
"The assay exploits the 5' * > 3 r nuele- 
olytlc activity of Taq DNA poly- 
uiei«ae C7 ' ,|) mid fo diagramed in 1'lgure 1. 
The fluorogenie pnjhu t'ot>*ist$ of. an oli- 
gonucleotide* with u reporter fluorescent 
dye, nuh as a fluorescein, attached to 
the 5' end; and a quencher dye/ such as a 
rhodaminc, Attached internally. When 
the fluorescein Is excited by irradiation, 
Us fluorescent omission will be 
quenched if the iliinhuniuc Is close 
enough to be excited through the pro- 
cess of fluoresces un* energy transfer 
(M?r). rt -« During PCR, if the probe is hy. 
bridlzed to a template »hand, Taq DNA 
polymerase will cleave the probe be- 
cause of its Inherent 5 ' «* 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodaminc dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The Increase in 
fluorescein fluorescence Intensity lndi» 
cates thut the probe-specific I*CR product 
lias heun genvrnteJ. Thus, PET between * 
ic!|itjiter dye and u quencher dye Is critl- 
cal to the performance of llir. piubc la 
the S r uutltrdic PCH ttviay. 

Quenching is completely dependent 
on the phyAic&l proximity of the two 
dyes/' 0 Because of this, it has l^cmi bv 
Mimed that the quencher dye mu*l be 
ullached neai the 5' end. Surprisingly, 
we have found that attaching a rho- 
ibimue dye at the 3' end of a piolie 



I*CH assay. Iwhermore, cleavage of this 
type of probe us not rcqulf ea to achieve 
some reduction In quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on tile 3' end 
exhibit a much higher reporter fluorps* 
ccncc when clouDle-stranded as com- 
pared with sin^le-strandcd. Tins, should 
make it possible to usu this type of dou- 
ble* labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used Jn this 
study, Linker arm nucleotide (LAN) 
phoaphoramidhe was obtained from 
GJen Research. 'Hie standard DNA plios- 
phommiditcs, 6-carboxyfluorcscein (6* 
FAM) phosphorainidite, rVcarboxytet* 
ramcthylrhodanilnc sucdnimidyJ ester 
(TAMRA NHS Csster), and Pnosphalink 
for attaching a H'-blocklng phosphate, 
were obtained from Parkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 TjNA synthesiser (Applied 
Biosystcms). ^Jmer and complement 
oligonucleotides were purifica u.sing 
Ollj^u rui-iHciitiun Cartridges (Applied 
Blosyatcins). Di/ublc-luln-.lt:d finibes witc 
»yntholrevi with o-l*AM»labeled phov 
p!iwidicifdfL«: at ilit: 5* ttnd, JAN rvplucln^ 
ortt; of the TS in the sequence, and I'hos- 
phalink M the 3' end. Following de- 
pnj|ta.tU>n 4ii id ctthunuJ precipitation, 
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Polymerization 



Primer 



Strand displacement 



ftoveree 
Primer 



Cleavage 



-3' 

'5* 



3'- 



Polymerization completed 
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Tp3* 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of trie 5'-* 3' nucieulytk* ac- 
tiviry of Ta<i UNA polymerase acting on a fluoruj;cmc probe duriiiK one extension phase of ftW. 



mM Na-blcarboncac butter (pH 9.0) At 
room temperature. Unrcactcd dye was 

i cuiuvtrU by p*u»age ovci a I'D*10 Scplltt* 

dcx column. Finally, the double-labeled 
probe was purified by preparative h>Rh- 
performance liquid chromatography 
(UPUl) using an Aquaporc C K 220x4.6- 
rnni column with particle size. The 
column wm dweJoped with a-24*mhi 
linear gradient of 8-20% ucctonUrlk* in 
0.) h TEAA (rnVthylomlne acetate). 
Vrobes are named by designating the se- 
quence from Tabic 1 and the position of 
the 1AN-TAMRA roolery, J'or example, 
probe Al -7 ha* sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
.V end. 



PCR *y>lcrm 

All PCR amplifications were performed 
in the Perkiti- Elmer CcncAmp PCR Sys- 
tem 9600 using MJ-u4 reactions thai con- 
tained 10 mM TrivHO (pH 8.3), 50 iiim 
KC1, 200 fiM dA'm 200 jlm dCIV, 200 
dCiTP, 400 |lm dUTP, 0*S unit of AmpEr- 
ase uracil N-glycosylase (Peddn.EJmer), 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-Iljlma ct al,) tn was 
amplified using pinner* AFP and AUP 
(Table I), which are modified slightly 
from those of du Brcull et ah W) Aclln am- 
pllftcotlun reactions contained 4 min 
MgCJa, 20 ng of human genomic UNA, 
SO nM Al or A3 probe, and 300 nw each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was SCPC 
<2 mln), 0 4 VT, (to mln), 40 cycle* of 95°C 
(20 aec), 60*C (1 mln), and hold at 72^0, 
A 515-bp segment whs amplified (ruin a 
plasmld that consists ol a segment ol X 
DNA (nucleotide* 32,230-42,747) in- 
serted in the Sma\ situ of vector pUCl 19. 
'11 wse rcttvtlui i * wit J Ui 1 1 1 i:U S .5 > 1 1 w 
M K c:i^ 1 rig of plus mid DNA, 50 dm ?2 or 
1>5 probe, 200 nw primer FU9, and 200 
tiM piiinei R119. '(lie thermal rcflJrncn 
was WC (2 mln), *>$*C (10 mln), 25 cy- 
cle* Of 9$*C (20 »cc), 57%: 0 mln), tmd 
hold at 72*G 



NunntvQJicf! Dotectlnn 

Vov each amplification reaction, vt 40-ul 
aliquot of a sample was transferred to an 
individual well of a white, O^Lwoll micro* 
titer plate (Pexkin-mmer). Fluorescence 
was measured on the l'crkin-Klmor Taq. 
Wan LS-50U System, which consists of & 
luminescence c poet rometer with pUie 
reader aa&ombty, & 4B5-nm excitation fll» 
ter, and a Miwim ernlsAton filler. Excita- 
tion was at 488 mn using a 5*nm silt 
width. Emission was measured at 518 

nm for 6-VAM (the. reporter or H value) 
and Sft2 nm for TAMllA (the quencher or 
Q value) u*ing a 10-nm silt width. TO 

determine the lnucasc uj icpoiiej emis- 
sion that to caused by ck-avagc of the 
probe during PCR, three nonriatt7.a*lonft 
a ic applied to the raw emission d&to. 
Pirst, cmtwion intensity of a buffet blank 
Is subtracted for each wavelength. Sec- 
ond, emission Intensity of the reporter is 



Name 




.Scqueuu* 


PI 19 


prbner 


ACCCACAGOAACTCA'I CACCACTC 


KU9 


primvT 


AlX5TCGCXjXrCXXK5Cir.AC;C7ITCl CiC 


P3 


.probe 


iCCK^'rj^CiaAiXXri^CCAACCACTp 


P2C 


complement 


CTACrCCrrGCGAACXJATCAfrrAATGCfiAl'G 


PS 


probe 


cuOA'rrrGoxjo-rATCiATx^ui\AccAnv 


T5C 


compiomcnt 


Tl'CATCCTTGTCATAC^IACClAOGAAA'i'CCC 


AM* 


primer 


TCACCCACACTGTGCCCATCTACOA 


ARr 


primer 


CACiCXiOA At X XSCTCMTrCKXVlATOO 


Al 


probe 




AlC^. 


complement 


A(^t:t2t^t;t;A'it:(:(^u;t;c;c;r:A*;r;7KU'iAC 


A3 


plOi>C 


c<KXXn;60AC1 , 'rCCAOCAACAOAT l » 


A3ft 


Limipleiueut 


CrATCTXnTGCTCGAAGTCCAGGfiCnAC 



Tor each ollgonuclcoriilc used In tills study, the nucleic add sequence is Klvcn, written in trie 
A' > 3' direction, Tbet e Are Ouer types of oligonucleotide*; PCR primes fluorogenic probe used 
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A1-7 IlATCXXCQCWTt^TCAX^^^ 



Protm 


Gl8nm 


682 nm 


no- 


RQ* 


AftQ 




tamp. 




no l*crtfv 


4 Ump. 










34 .6 4 2.1 


92.7* 1.0 




38.0* 2.0 


O.G? * 0.01 


0.80 i 0.06 


O.IOdO.OG 


Ai»r 


B3.G&4.3 


308.1 a'21.4 


ioe.s 1*^64 




040 + 0.0& 


3.56*0-17 




A1-14 


127.0*4.0 


403.a*ta.i 


160>±S.3 


03.1 i«.3 


1.(6 i 0,02 


4.3410.15 


3.18:10.1$ 




1fl7.&* 


7.7 


70 J * 7,4 


73.019.0 


3.67 3 O.OS 


6,004.0*16 


3.13 d 0.16 


A 1-22 


224.G i 0,4 




10O.0±4,0 


oei: io.e 


12.26 a. 0.03 


5.0C1CVM 


C.7710.1S 


A 1*26 


I60.fi J 0.9 


4M.il 1U.4 








b,01±UXIU 





"CURE 2 R«v)U ot 5' uuelr«»r nwy ttMiiparlng p-Wlirt pfobci with TAMRA at different micle 
otltlft positions. As described ift Materials and Methods, POt amplification* containing the in- 
dicated probes wwe performed, and the fiunreaeence emission was measured at 518 and 582 nm. 
Reported value* ate the average* 1 s.o» for six reactions run without added template (no temp.) 
and six reacilons run with template ( i temp.). The RQ »Uo was calculated for each individual 
reaction and averaged to give the reportedTRQ* and KQ 1 values. 



divided by the emission lnumsity uf (he: 
quencher to give an RQ ratio fur cadi 
reaction tube. Tills normalises tor wcil- 
to-well variations in probe concentra- 
tion and nuorescence measurement. V\+ 
* nally, ARQ la calculated by subtracting 
mc KQ value of the no-template txmtrol 
(RQ") fcorn the RQ value for the com- 
plete reaction including template 
(RQ'). 

RESULTS 

A series of probes with increasing dis- 
unites Derween the fluorescein reporici 
and rhodam)HC quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease l'CH as- 
say. Tnese probes hybridize to a target 



.sequence in the human p-actin ge.ne. 
Plguic 2 shows the results of an experi- 
merit in which these- probes were In- 
cluded in KJR thai amplified a segment 
of the p-iKlIn R«nr containing the UlgCt 
Sequence- IVifuiniauce hi the S 1 nu- 
clease I'CR assay Is monitored l?y the 
magnitude of AkQ, which Ira measure 
of the increase In reporter nuurorcm* 
caused by PGR amplification of the 
probe target. Probe A 1-2 has * ARQ value? 
that is close to r.cro. Indicating thai the 
probe wa$ not cleaved appreciably ilur* 
Ing the amplification reaction, Tliiis sug- 
Kcsla that with the quencher dye on the 
sei-und nucleotide from the V cnd r there 
Is insufficient loom fi>t TiAy .polymerase 
to cleave efficiently between the reporter 
and quecichei. The other five probes ex- 
hibited comparable AKQ values that are 



clearly different from zero- Thus, all five 
probes arr befog cleaved during POK am- 
jilifjottluii resulting hi a similar Increase 
III icporter fluorescence. H should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thufi, even 
in reactions where amplification occurs, 
The majority of probe molecules remain 
undcavod. u is mainly Tor this reason 
that the fluorescence Intensity of the 
quencher dye TAMKA change* lllilc with 
amplification of the targfth This Is what 
allows us to use the $82-nm nuorescencr. 
reading as a normalUatlon factor. 

The magnitude of RQ" d^ponris 
mainly on the quenching efficiency In- 
here nr in the specific structure ol the 
probe arid the purity of the oligonucle- 
otide. Thus, the larger HQ ~ values Indi- 
cate that probes AM4, AM9 f A1-2Z, and 
probably have reduced quenching 
as compared with A1-7, SU1U the degree 
of quenching la sufficient to detect a 
highly significant Increase In reporter 
fluorescence when each of these probes 
ia cleaved during PCR* 

To further investigate the ability Of 
TAMRA on the 3 r end to quench fJ-PAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. Foi each pair, one probe has 
TAMRA attached to nn intcmol nucle- 
otide and die othei has TAMHA attached 
to the 2' end nucleotide. The results arc 
shown In Tabic 2. hor all three sets, the 
probe with the 3' quencher exhibits u 
&RQ value that is wnsiUerobly hishei 
thai^ for the probe with the internal 
quenchci\ The HQ' values suggest thnl 
differences In quenching arc not as Rrr.ut 
as those observed with some of the Al 
probes. These results demonstrfttt that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



;i<; 



AC 



the 
ied 

the 
stl. 



TABLE 2 Results of S' Nuclease Assay Comparing Pr ob™ wit)) TAMRA Attached to ah internal or 3'-tcrminal Nucleotide 



Probe. 



A3-6 
AJ-24 

1*2-7 
1*2-27 

1*5-10 
P5-28 



no temp. 



temp. 



IIU leuip. 



4 temp. 



HQ 



54.6 ± 3.Z 
72.1 t 2.9 

62.B 2. 4.4 
113.4 2:6,6 

77^±6_S 
64*0 x 5*2 



236.5 x U.l 

3B4.0 ± 34.1 
555.4 ± 14.1 

244.4 ± 15.^ 

333.6 ± t2.1 



116,2* 6.4 
R4-2 ♦ 4.0 

X 6.4 
140.7 + 8,3 

ft6.7 ± 4.3 
1(K).6 ± 6J 



J. 2.5 
90.2 x 3.tt 

120.4 a- ia2 
11S.7=:4.8 

95.6-^6.7 
94.7 2 6.3 



(M 7 a. 0.02 
0.86 -± 0.02 

0.79 J. 0.02 

aw ± o.oi 

0.89 * 0.05 
0M ± 0.02 



0.73 a. 0.OH 
2.62 ± 0.05 

3.19 * ai6 
4.68 ± 0.10 

2.55 ?. 0,06 
3.53 it 0.12 



U.20 ± 0.0^ 
1.76^0,05 

2 AO s O.K. 

3.88 t 0.10 

1.66 ± 0.08 

2.89 i 0.13 



noi 



^-.^ .nd ^^.i^inns were nerformcd us described In M«t«Ioi »»d Medina and in the legend to Hlg. 2. 
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fluorescence of a reporter dye on the 
end. Tire dugruc of quenching is Suffi- 
cient fur lli in type of oligonucleotide to 
be used as a probd in the .V nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a .V TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
rncauuctd fur probe* in the single* 
stranded and double stranded state*. Ta- 
hlo A reports the fluorescence observed 
at 51 K and 552 rtm. The relative degree 
of quenching Is assessed by calculallng 
the RQ ratio, For probes With TAMRA 
fUlO nucleotides from the S' end, there 
Is little difference In the HQ values when 
annparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double* 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there Is a marked Mg 2 ' effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 " 1 concentra- 
tion. With TAMRA attached near the 5' 
. end (probe A 1 -2 or Al-7), the RQ value at 
0 niM Mg 2 " is only Slightly higher than 
RQ at 10 inw Mg . For probes AM9, 
Al-22, and A1»26i the RQ values at 0 mM 
Mf' 4 are very high. Indicating a much 



reduced quenching efficiency. For each 
of these probes, Uifciu lit a marked de- 
crease in KQ 5l 1 niM Mg* * followed by 
u gradual decline as the Mg* 1 concen- 
tration increases to 10 mM. Piube A1-14 
shows an intermediate RQ value at O tom 
M$* 4 with u gradual decline at Mgner 
Mg 7 "* coiKenlitiUwus, In a low-salt en- 
vironment with no Mg a *■ present, a Sin- 
gle-stranded oligonucleotide would he 
expected to adopt cm extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg** Ions acts to 
shield the negative charge of the phos- 
phate backbone so that rhe ougonucie- 
otlde can adopt conformations where 
the :V end is close to the 5' end. There- 
fore, the observed Mg 2 1 effects support 
the notion that quenching ol a 5' n> 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it teems the riiodamine dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein «H : AM) placed at 
the S' end. This Implies thai a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA is dose' to rhe 5' 
end. It Should be noted that Uie decay of 
6-FAM In the excited stale requires a cer- 
tain Amount of time. Therefore, what 



TABIC 5 Comparison of Pluo react n<v Emi»»iuii3 t>f Mngtc-tfntndCd and 
Doub)«*-*zr*n<tcd Fluorogenlc Pi'tibe** 



Sl« nm 



nm 



RQ 





49 


ds 




Us 




as 


At-V 


27.75 




61 .OS 


13R.1A 


0.45 


0.50 


A 1*26 


43.31 


S09.38 


53.50 


93,86 


0.81 


5.43 


A3.6 


16.7S 


(>zm 


39,33 


16S.57 


0.43 


0.3$ 


A.V24 


30.05 


578.64 


67.7?. 


140.25 


0.4* 


3.21 


VZ? 


35.02 


70.13 


M.Ctt 


121.09 


0.64 


0.58 


T2-27 


3v.ft9 


S20.47 


6MU 


61.13 


0,61 


5*25 


l'S-10 


27.34 


144.85 


61,95 


165.54 


0.44 


0.87 


rs-2n 


33.65 


462.29 


5%&> 


104.61 


0.46 


4.45 



(ss) Single-stranded, J*he fluon? scence emissions at 53 8 or 582 nm for solutions containing a final 
concentration of 50 am indicated probe, 10 mu i nX ici (pH 8.3), 50 dim KC1. and 10 mu MgCl*. 
(ds)-DoubUM»ttandpd. The solutions contained, In addition. 100 iim AlC for probe* AV7 and 
a)*zg, 100 mi A3C for probes A3-6 and A3-24. 100 iim P2C for probes 1*2-7 and 1*2.77, or 100 nM 
P5C for probes and r*-2a. Hcforc inc aodtUon of MgC<l»j J 20 *U ot each *<wiDlc was I tea led 



mattcrn for quenching 1* not the average 
distance between 6*l ; AM and TAMRA 
but, rather, how close TAMRA can get lo 
6*FAM during die lifenme of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the y end because TAMRA Is in 
proximity to 6*KAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain pU2Zling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and PS-28 to their comple- 
mentary strands nor only causes a large 
increase in 6-FAM fluorescence at Slfc 
nm but also causes a modest Increase in 
TAMRA fluorescence at 582 nm. 11 
TAMRA Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. the fact that 
the fluorescence emission of TAMRA in- 
creHSes Indicates that the situation Is 
more complex. Kor example, we have an* 
ecdoial evidence that the bases of The 
oligonucleotide, especially Ci, quench 
the. fluorescence of both 6-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching ol 
fe-fAM in an Intact probe is the TAMRA 
dye.. Kvtdcnee for the Importance ol 
TAMRA is that 6 KAM nuimtNcenct 
remains relatively unchanged when 
probes labeled only with 6-l J AM are uscC 
In tile 5' nuclease TOR assay (data noi 
shown). Secondary effectors of fluores- 
cence, both before and afiei cleavage o. 
the probe, need to be. explored further. 

Regardless of the physical mccha 
nlsm. The relative independence of posl 
tion and quenching greatly si m pi til c: 
the design of probes for the 5' nuclease 
PCR afljmy, There are three main factor 
that determine the performance of i 
double-labrled fluorescent probe In tlx 
y nuclease PCU assay* The first factor 1: 
the degree Of quenching observed fn th< 
intact probe. Tills Is characterised by th* 
value of RQ' , which Is the ratio of re 
porter to quencher fluorescent cmis 
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f ICURE 3 Kff*ei Mg r< * concentration on RQ ratio for the Al seriei of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solution* containing 50 nM probe, 10 mM 
Trls-Hd (pH &3), 50 mM KCJ, and varying amounts {0-10 dim) of MgQ 2 , IT* calculated ItQ 
ratios (516 nm intensity divined hy SHZ nm intensity) art- plcitU'tl vs, MgCl a concentration (mM 

Mk). Hie k«y {up]M right) *litiw» I he piulna CAttiuiuird. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei factors thai reduce (lexibili 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
■ xtt liybiidiialiou, which depends on 
probe T mt presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
' which Taq DNA polymerase d caves the 
, bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation thai mismatches iri the 
segment between reporter and quencher 
dyes drastically reduce the dcavafle. of 
jirobe. (1) 

Tlie rise in RQ' values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end 'the lowest apparent quench* 
ing Is observed for probe Al-39 (sec Fig. 
3) rather than for the probe where the 
TAMRA is at the. 3* end (A1-Z6). This ir 
•understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position, In effect, a 
quencher al the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . is an internally placed 



K, 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
piobe having a larger RQ than the hv 
ternal TAMRA probe. For the VZ pail, 
both prohr.s have about the same RQ" 
value. Fen the l*S probes, the RQ for the 
y probe is less than for the internally 
labeled probe. Another factor that may 

explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC puiifitrd, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be o modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently um 
have a large effect on the efficiency of 
piObc cleavage, The rnoxt drastic effect is 
observed with probe Al -2, where place- 
ment of the TAMRA on the second nu- 
cleotide ttiduces the efficiency of cleav- 
age to almost zero. For the AS, V2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA prone* as compared with the in- 
ternal TAMRA prohe.% This Is explained 
most easily hy assuming tlmt piobes 
with TAMRA at the 3' end ore more likely 
to be cleaved l*rtwecj» lepoiiei and 
quenchw than are probes with TAMRA 
attached internally. For the A1 probes, 
the cleavage efficiency of 'probe Al-7 
must already he quite high r as ARQ does 
not Increase when the quencner is 
nl»r<«l rinw»r tn th*» .V end. This illus- 



trates the importanro nf being able to 
use probes with » qutmchox on tho V 
end in the 5' nuclease PCU assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
whuii the probe is cleaved between l he 
reporter and quencher dyes. By placing 
the luporlur and queuchi-i dyes oil the 
opposite end* of an oligonucleotide 
probe, any cloavage that occurs will be 
detected. When the quencher Is uttached 
to an Internal nucleoli du, ao mutinies thu 
pcobe wurlo well (A 1-7) and other Uiiica 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
mean? the probe It being cleaved 3' to 
the quencher rather than between the 
rppnripr and quencher. Therefore, the 
best chance of having a probe that 'reli- 
ably detects accumulation of PGR prod- 
uct in the 5' nuclease I'CR assay Is to use 
a probe with the reporter and quencher 
dyes un opposite ends. 

Placing the quencher dye on the 3' 
end may atao provide a slight benefit In 
terms of hynridir-ation efficiency. The 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing ami reduce the? T n> 
of a probe, in fact, a 2 n ( , /-3 A C! reuW.tiun 
In T m has been observed for two piobes 
Witll iiUeiiially studied TAMUAm/"* llvt* 
disruptive effect would be minimised by 
placing the quencher al the 3' end. Thus, 
probes with 3' quenchers might exhibit 
Mifthtly higher hybri diction efficiencies 
UlUll piubeS will i interna] Ljuetichen. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3* quenchers probably 
will be mote tolerant of mismatches be- 
tween probe and target as compnred 
wtlli internally labeled probes. This tol- 
erance of mismatches can.be advanta- 
geous, as when trying to use o single 
probe to detect PCK-ampli Red products 
from ham pi » uf difftienl species. Also, 11 
mean's that cleavage of probe during PGR 

is less SensfHve (n alteration* in &rV 

nealing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. 
ct al. 0) demonstrated that allele-specific 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the norma) 
human cystic fibrosis allele from The 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffect of Mg* 1 concentratUm on RQ ratio for the Al soriCB of probes. The nuunttcesic* 
emission intensity at 51 & and 582 nm was measured for solution* containing 50 nx probe, JO rr>M 
Trivlia (pH 8.3), 50 rnM and varying amount* (0 10 niM) of M«CU- The calculated RQ 
ratios (sia nm intensity divided by 5RZ nm intensity) are plotted vs. MgQ a concentration (him 
Mjf0. The key (d/pcr H$ht) ihowt the pTobcs examined 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence, 
context effects! presence ot" structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is Itio efficiency 
of hybridization, which depends on 
probe 7* m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and othcT reaction condi- 
tions. The third ractor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe. a> 

The rise in RQ values for the Al se- 
ries of probes .seems to Indicate that the 
degree of quenching Is reduced some- 
what as the quencher is placed toward 
the 3' end* The lowest apparent quench- 
ing is observed for probe A1 -19 (sec Fig. 
3) rather than tor the probe where the 
TAMRA is at the 3' end (Al*26). This is 
understandable, as the conformation of 
the y end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ'" thwn Ukj io- 
icrnal TAMRA probe. For the H2 pair, 
both probes have about the same RQ 
value. For the PS probes, the RQ' for the 
3* probe is less than foi Hie inlcinftlly 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be ft modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe A 1*2, where place- 
ment of the TAMRA on the second nu» 
cleotlde reduces the efficiency of cleav- 
age to almost ^cro. For the A3, P2, and PS 
probes, ARQ is much greater for the .V 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached Internally. Por the Al probes, 
the cleavage efficiency of probe Al-7 
must already he quite high, as ARQdoes 
not Increase when the quencher is 
placed closer to the 3' end. This Ulus- 
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irate* the importance of bcitift able to 
use probes with a quencher on the 3' 
end in the V nuclease I'CK assay, in this 
assay, an increase In the intensity of re 
porter fluorescence Is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. Ry placing 
the reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
probe, any cleavu^ that occur* will be 
detected. When the quencher 1* attached 
to ita liitc-mal nucleotide, M/iriollmos the 
probe works well and other times 

not so well (A3-6). The relatively poor 
performance of probe AZ-6 presumably 
means the probe is betim cleaved 3' to 
the. quencher mthcr than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease W-R assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on, the 3' 
end may also provide a slight benefit in 
terms oi hybrldlzaUon efficiency. 'Ihe 
presence of a quencher attached to an 
internal nucleotide mi^ht be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact a 2*C-3'C reduction 
in T m ha* been observed for two probes 
with internally attached TAMRAs, <9) This 
disruptive effect would be minimised by 
placing the quencher al the 3 # end. Thus, 
probes with 3* quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol» 
erancc of mismatches can be advanta- 
geous! as when trying to use a single 
probe to detect PCR-ampIified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. l<ce 
et al/" demonstrated that allcle-speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This aU 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 



20S6 091 6*6 YVd M-*T Z00Z/S0/2T 



From : BML 



PHONE No- : 310 472 0905 



Dec, 05 2002 12:i9RM P09 



ihvi V end and w<?r<j designed to that any 
mismatches were between the reporter 
and quencher, increasing the distance 
betwuan reporter and <pir.nch*r would 
lessen ihe disruptive effect uf tub- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
discrimination. 

In this study loa* of quonehlng upon 
hybridization wxu used to show that 
quenching by a 3' TAMRA l» dc|>cndent 
on the flexibility uf a single-stranded Oli- 
gonucleotide, The increase in reporter 
fluorescence intensity, though, could 
alto he uied to determine whether hy. 
brldlzatlon has ocxurrud or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite end* 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could lie 
used to develop homogeneous hybrid- 
ir-otion nssays tot diagnostic* or other ap- 
plications. Uagwcli Ct al. (10> describe just 
this type of homogeneous assay where 

hybridization of a probe Cause* aii in- 
crease in fluorescence cauacd by a low of 
quenching. However, they utilized a 
complex probe design that require* add- 
ing nucleotides to both end* of the 
probe sequence to form two imperfect 
hairpins. l"he results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu* 
clcotlde and a quencher dye to the olhui 
ond generates a fluorogonic probe that 
can detect hybridization or I'Ck amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PC* method; The method meacuret PCR product 
accumulation throueh a duaWabeleu lliioroeenlc probe (Lc., TaqMan Prob*). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require posi-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting tn much fester and higher throughput assays. The real-time PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time quantltarlvc 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important role in many fields of biologi- 
cal research. -Measurement of gene expression 
(RNA) has bean used extensively in monitoring 
biological responses to various stimuli (Tan et al. 
\994; Huang el al. I995a,b; Prud'homme et al. 
1995), Quantitative gene analysis (DNA) has 
ix-en used to determine the genuine quantity of 3 
particular gene, as in the case at the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon et al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(J1JV) bmden demonstrating changes in the lev- 
eh of virus throughout the different phases of the 
disease (Connor et al. 1993; Plittak et al. J9v;sb; 
Turtado et al. 1995). 

Many methods have been described for the. 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 1V/&; Sharp et 
al. 19K0; Thomas 15W0). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase "(K-O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made ]x>s- 
sible many experiments that could not have been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that \\ be uacd properly ior quantitation (tt»«y* 
maefcers 1995). Many early reports of quantita- 
tive PCK and RT-PCR described quantitation of 
the PGR product but did not measure the Initial 
target sequence quantity. H is essentia) to design 
proper controls for the quantitation of the initial 
target sequences (Fcrrc 1992; Clement I ct al. 
1903) 

ReMMtf chexs have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reaaion before the plateau (Kellogg et al. 
1990; Pang et ah 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with idcnl leal efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such as p-aclln) can be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gci electrophoresis or plate capture 
hybridization), it is ejctrfcmely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Anotlier method, quantita- 
tive competitive (QQ"RCK, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Plata k et al. 1993«,b). The efficiency of each re- 
action is normalized to the internal competitor. 
a knnwn an u iuni of lmeniaJ competitor can be 
antnv rnc« no/ a*a wj rc.^t 7nn7/cn/7T 
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added to each sample. To obtain relative o»a™- 
tallon, the unknown largel PGR product. is com- 
pared wilh the known competitor K*!K product. 
Success of a quantitative competitive PCU assay 
relics on developing an Intern ul control thai am- 
piiftra with the same efficiency as the tuiget «wl 
ecule. The design of the competitot and the vali- 
dation of amplification efficiencies icquirc a 
dedicated effort. Huwevw, becnusc QCMKIR docs 
not require* that PGR products be analyzed during 
the log phase of the amplification, it is Hits caster 
the two methods to use. 
Several detection Kystciu* uie used for quan 
Utative PCR and UT-PCtt analysis: (1) agarose 
gels, (2) fluorescent labeling of POU products and 
detection with UiHTT-inducMl fluorescence using 
capillary elecrrophoTcai:* (Haseu crt al. 15*95; Wil- 
liams ct al. 1996) or aerylanikle gela, and (3) jiWc. 
capture* and sandwich probe hybrid l/.a lion (Mul- 
der el.aK; 1994). Although these ijicOukJ?* proved 
successful,". each method 'requires post-l*CR ma- 
nipulations That acid time to the analysis and 
may lead to htbu'utviy i oiilitinhiaUon. The 
sample Uiruughpul of these method* \> limited 
(wllb I he exception of the plate capture ap- 
proach), and, therefore, these methods, ore not 
well suited Tuj use* demanding high sample 
throughput (I.e., screening of large numbers of 
Wltiiiuitc%.ulcN tu auaiyidn^ samples fwx diagnos- 
tics or clinical trials). 

Here we report the development of a novel 
unsay for quantitative DNA analysis. The assay is 
based on Oi<t u*«-of ihe 5' ' nuclease assay first 
described by Holland et al. (1993), The method 
uses the 5' nuclease activity of l\uf polymerase t<i 
cl cave a noncxtcndlblc hyhridlxatjon prol>c dur- 
ing the extension phase of 1'CK- Tint approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lcc ct 1993; fussier ct ai. 1995; Uvo-k 
ct al, 1996a,b). One fluorescent dyv serves as a 
reporter |PAM (i.e., C>-carbQxyfluoresccin)[ and its 
emission spectra is quenched by the second fluo- 
rescent dye., TAMRA (I.e., u-carboxy-tetramtthyi- 
rhodaminc). Hie nuclease degradation of the hy- 
bridization probe releases the quenching of the 
I'AM fluorescent emission, resulting in an In* 
crease In peak fluorescent emission at SJtt nm, 
Hie use of a sequence detector (AUI Prism) allows 
measurement of fluoreseunt spectra of ail 96 wells 
of the thermal cycler continuously during the 
1*CR amplification. Therefore, the reaction* uj« 
monitored in real lime, The output data is de- 
scribed and quantitative unalyals ofhipul target 
DNA sequences U discussed below. 



RESULTS 

PGR Product Dercctlon in Real Time 

The goal vvax to develop a high-throughput, sen- 
sitive,, and accurate gene quantitation assay for 
use in monitoring lipid mediated therapeutic 
gene delivery. A plasmid -unending human factor 
VH1 gene sequence, pF8TM (sec Methods), was 
used as a model therapeutic gwnc. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AB1 Prism 7700 Sequence Detector). Ilu: 
Taqman reaction requires a hybridization 
lal>clcd with two different fluorescent dyes. One 
dye is a reporter dye (I'AM), the other i* quench- 
ing Jye (TAMRA). When the probt: Us intact, fiW 
icaccnt energy transfer occurs and the reporter 
dye fluorescent emission ia absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the PCK cycle, the. .fluorescent hybrid- 
l/jiiloii probe K cleaved by the 5'-.T nuclcolytic 
activity of the- DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
sultinK b» an Increase of the reporter dyu fluores- 
cent cmi-ision *p*Ctra. PCJR primers and probe* 
were designed foi the human factor VI 1J se- 
quence and human p-actln gene (as described in 
Methods). C^piimization reactions were per- 
formed to ehoose the appropriate probe and 
magnesium concentrations yielding the highest 
IhtejiASly of rejiortcr fluorescent signal without 
sacrificing specificity. The Instrument iir.es a 
charge-coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apcetru from 
, r j(K) to fi$0 mti. Kacl^ VCAX tube was monitored 
sequentially for 2& msec with. continuous moni- 
toring throughout the amplification. Udch lube 
wu.n rr.-cxandncd every B»5 sec. Computer soft- 
ware, was designed to examine the fluorescent in- 
tensity of both the reporter dye (FAM).and 
the quenching dye (TAMRA). 'J*he Kuore.sccnt 
intensity of the quenching dye, TAMRA, change? 
very mile over the course of the PCR ampllfl* 
cation (data not shown). Therefore., the Intensity 
of TAMRA dye emission serves as an internal 
.iiandard with which to uonualbic the reporter 
dye. (l : AM) emission variations. Tl^e software' cal- 
culated a value, termed ARn (or AftQ) ualng the 
following equation: ARn - (Iln J ) (Rn~). where 
Kn 4 . ernbslon Ujlenshy of reviorter/emissiou in- 
tensity of quencher at any given time In o reae 
tlon tube, and Ru ^emission intensility of re- 
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ponciycmlsston Intensity of quencher mcA.s«rcd 
prior 10 KJU ampliiication in that same reaction 
tul>e. For the purpose of quantitation, the Usi 
three data points (AKn?) collected during rhe. ex* 
tension step for each PCR cycle were analyzed* 
The nucleolytic degradation of the hyorit1i/-*tion. 
probe occurs (luring the extension phase or rtac, 
and, therefore, reporter fluorescent cthumuii in- 
creases during this lime. Hut tliiw data points 
were averaged for each KIK cydc and the mean 
value for each was plotted in an "amplification 
plot" shown In J'lgurc 3 A. The AKn mean value is 
plotted on the }*axis, and time, represented by 
cycle number, is plotted on lhe*-axis. During the 
early cycles of the PCR amplification, thf ARn 



value remains at base lino When sufficient hy- 
bridization probe has been cleaved by die Ttuj 
]x>lymcra*e nuflttiftft activity, the intensity of ro- 
'. porter fluorescent emission lncreasee.. Most l>CU 
ampUrivMjanti reach a plateau phono of reporter 
fJuoreH*v.ul emission if the reneliun Is carried nut 
lo high cycle uuiiiKhn- The amplification plot 19 
examined early in th« fraction/ at a point Ihat.- 
i Presents the log phase of prodiici . atrmnula* 
tion. This Is done by ussigning an arhiUary 
threshold thai is based on the variability of the 
bas«-linedMi^ In Figure 1 A, the threshold whs set 
ai 10 standard deviations above the mean of 
base line emission calculated from cycle* 1 lo 1 S. 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The Model 7700 <>ufiware will construct amplification pldti 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 
Standard deviation of the base line). (S) Overlay ot amplification ploU of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crotsca the ihrejihold'iv&tf 
fined as C P C r is reported as the cycle number ;n 
this point. Ar will be demonstrutod, the CI, .value 
lit pt edict) ve of ihc quantity of input target. 

Cj Values Provide a Quantitative Measurement* o>' 
Input Target Sequences 

Figure IB shows amplification plots of li»<dirY<5*- 
en I PGR amplifications overlaid, 'llic Amplica- 
tions wore performed on a 1:2 serial dilution <i& 
human genomic DNA. 'Inc amplified targerwaji 
human (* actln. The amplification plotK «hifl to 
the right (to higher threshold cycles) h* the input 
target quantity U reduced. This is expected ho. 
came rtwetlonK with fewer starting copins nf the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C,. values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The Cr values decrease linearly with Increas- 
ing target quantity, Thus, G r valuta can be used 
as a quantitative measurement of t lie input target 
number. It should be noted that the amplifica- 
tion plol for the 15.6* ng sample shown In 1'lgure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
'Hie 15.6-ng sample also achieve** endpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been observed, occasionally with other 
samples (da* a not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plnlcau do not 
impact significantly the calculate C, value us 
demonstrated by the fii on ihe line shown in 
Figure 1 C. AH triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a >1 00,000-fold range o/ Input tar- 
get molecules. Using Cy values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range. ol lluorcsccni in- 
tensity measurement of the AIM Trlsm 7700 &c- 
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rtKMits aver n very large t;ih£<' of rMaDvr* starting" 
targot quantities. 

Sample Preparation Validation 

Several parameters Influence the efllcU-ncy uf 
PC'.R amplification: magnesium and sail concciv, 
nations, reaction conditions (i.e., time und tem- 
perature)! PCK target size and composition, 
primer sequences, and sample purity , All of the 
.above [actors are common to a single VCR assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
the factor VJ11 assay, KIR amplification repmchio 
ihility and oificlency oi 10 replicate sample 
prc>| mirations wen*, examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quant Uaicd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gunc content in 100 and 25 nj; of total genomic 
DNA. Each I'CIR amplification was performed in 
triplicate. Comparison of C r values for each trip. 
Hcate sample show minimal variation based oo 
standard deviation and coefficient of variance 
(Tabic 1). Incrcforc, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation into the 
quantitative J'CU analysis. Comparison- of the 
mean CVj values of the JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-acUn gene quantity. The highest (% 
difference between any of the samples was 0.S5 
and 0.71 for the 100 and 25 ng samples, respcc : 
lively. Additionally, the. amplification of each 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
1>NA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Pig. 2). 
Any sample containing an excess of a PCk inhibi- 
tor would exhibit a greater measured (5-actin G r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (ttg, 2), altering 
the expected C,- value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating- that this method of sample prepa- 
ration is highly reproducible with rc.gord to 
sample purity. 

Quantitative Analvsis of a Plasm id After 

7nc« no/ wj ftc:frT 7(\07/cn/7J 
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Toblo 1 . Reproducibility of S«ropl« Preparation Method 
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l&.V 0.06 



18.34 
18.23 



18.55 
18.42 



0.07 



0.08 



1B.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 
.03? 
0.36 
0.46 
0,23 
1.26 
0.66 
0.83 
0.5* 

0.65 
0,90 



25 ng 



20.48 

20.S5 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20,44 

2038 

20.68 

20.87 

20.63 

21.09 

21.04 

21 .04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation CV 



20,51 0.03 0.17 

70.54 0.11 0.54 

20.54 0.06 0,28 

20.4 3 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 O.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.46 

20.66 0,19 0,94 



(or containing a partial cUNA for human factor 
vni,"pW8TM- A scries of transections was act 
op using a decreasing amount of the plasinid\40, 
4, 0.5, and 0.1 u,g). 1\v«niy-rour hours posl- 
-truiuifet'iinn, total DNA was purified from each 
flask of irlh, p-Avlin gcuc quantity wa* chosen as 
a value for normalj^tiwii of Kciioinic, ONA con- 
centration fruih cadi uuiiplc. In this exptrii/jjent, 
(5-actin gene content should remain constant 
relative to roral genomic UNA. Figure 3 shows Ujc 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) oi each sample.. Kaeh sample was analyzed 
in triplicate and the mean |i-actin Of values of 
the triplicates were plotted (error bars represent 
r+-»~i«t<ii»ri riwiationi 1 hf» htPh**sr ii if former 



between any two .sampla moans was 0.!»5 C r Ten 
nanograms of total DNA of each sample were also 
.examined for p-aclln. llic results aguju. .showed, 
that very similar amounts of genomic 1>NA were 
present; the. maximum mean p actio C: t value 
difference wa.s 1.0. As Figure 3 shows, the rale of 
P-actiu C t . diuriKe Ixriwecii the 100 and 10-ng 
sajnf>1<=a was similar (slope values range between 
3.56 and -3.45). This verifies again that "the 
method of sample preparation yields s.aTri]»l«s of 
identical PCR integrity (I.e., w> sample contained 
an excessive ainoual uf a PCR inhibitor). How* 
ever, these results indicate that each sample con 
talncd slight differences in the actual amount of 
genomic 1>NA analysed. Determination of actual, 
vuuumic »>NA concent ration was accomplished 
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Figure 2 Sample preparation purity. The repficafo 
samples shown In Table 1 woro aU*> amplified in 
tripicate using 2S ng of each DNA sample. The fig* 
uife showa die input DNA concentration (100 and 
25 ng) vs. C% In ih** ligurp. ihp 100 and 75 ng 
poInU for each sample are connected by a line. 



by plot ling the mean £-uctin C| value obtained 
for each 100-iig stun pi v uu a p-aciln standard 
v.-urve (shown In Wh* The act Mai genomic 

ON A concentration of each sample:, was ob 
tallied by extrapolation t«> the **axi&. 

Figure 4 A shows the measured (t.u. f nun- 
normalised) t|\i<mlltic* of factor VJJJ pla.Hinid 
ON A (pPSTM) from each of the four transient cell 
lroti?fection5. Each reaction contained J 00 nff of 
total sample DNA (as determined by UV spectrum 
copy). V-ach sample was analyzed in triplicate 









2S- 




CM. 




£ 

CD 


23 
















20< 



pFflTM 



* k 0.1 pg 



■I 
1 




2.3 



1.4 1-tt 
log (ng input ONA) 

Figure 5 Analyih of tidiisfectcd cell DNA quantity 
and purtty. I he DNA preparations of Uiu lour 293 
cell transections (40, 4, 0.5, and 0,1 of pF8TM) 
were analyse! for the 0-actln gene. 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfected, the fi-aciln 
C 7 values are plotted versus the total input DNA 



ft 7 n rfc 



PC'.rt tfinplificatumji. As shown, pl*'8"17v< purified 
ffujic Jhc 20H cells decreases (mean C, values in- 
erwi^tf) with decreasing amounts of plaamtd 
ilrumirUcd. The mean C L values obtained for 
pFfcTM inTlgufC 4A were piotted on a standard 
curve comprised uf scilully diluted pKHTM, 
shown jin figure 4ft. The quantity uJ pI'KTM, b, 
found in each of the four transfoctlonK was do- 
termini by extrapolation to the x axlti of the 
standard curve In 1'igurc 4B. These uncorrected 
values, b, for pwn*M were ]iorin*1)v*id 10 deter- 
mine the actual amount of pl'81M found per 100 
ok of genomic ONA by using ihc equation:. 

b x 10 0 ng actual pl-KITwf copies i>er 
~ 100 ng of genomic UNA 

where a - r actual genomic ONA in a sample and 
J>wpP8TM copies from the standard curve. The 
normalised quantity of pl'&TM per 100 of ge- 
nomic DNA for each of the four f ransfccilons Is 
shown tn Figure 4JJ. 'n«e«e rr^ults show Uiat ihc 
quanilty of factor vm plasunU associated wiili 
the 293 cells, 21 fir after irunsfeUUiM, di:cii:.ises 
with OcltcusIuk pJuikinti) uiuusiHiatJoji used In 
the transection. 'Hie quantity of pl'ttTM nssoeJ-* 
uteu with 293 cells, after trumfection whh 40 u,g 
e>f yiasmid, was 35 pg per 100 ng genomic UNA. 
This results In -520 plasuiid copies per evil. 



DISCUSSION 

Wo have described a new method for quantitni- 
iuji gene copy numbers using rcAl-tlmc anulysis 
of PCR amplificatlnnx. ReaUtlmc PCK is compat- 
ible with cJtht?r of the two PCK (KT-PCR) ap- 
proachc*: (1) quantllative comfjcihivt: where an 
inteinal cumi'iclltor for each target sequence lit 
used for noxrnallxatJon (data not shown) or (2) 
quantitative comparative PCK usJi;y a hwhiwHm- 
tion gene contained within the sample (i.e., p-ac- 
tih) ox a "housekeeping" gene for RT-HCK. If 
equal amounts of nucleic add' are analyzed Un 
each sample and if the amplification efficiency 
before quantitative analysb l^ identical for e«<:h 
sample, the Vnreniul cujjIuiI (nujmali^illon gene 
or competitor) should j» lvt; equul mko^U for all 
samples. 

The real-time PCK method offers several ad- 
vantages over tltc other two methods currently 
employed (see the Introduction). Wrst, the real- 
time PCK method is performed in a dosed-lube 
system- and requires no post-PCR manipulation 
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Fi 0 ur« 4 Quantitative analyiii* of pFSTM in transfccted cells. (Vt) Amount of 
plasmid DNA used for I he transaction plotted against Uic mean C, value deter- 
"rSS? f ° r f r8TM rcma,nln a *1 hr after Irons-faction. (0>Q Standard curves of 
pf-RlM and (J-acdn, respectively, pfCTM DNA <0) and genomic DNA (Q were 
diluted *AHalry 1 :S be/ore amplification with the appropriate primers. The p-actin 
standard curve way used to norma li>c the results of A to 100 no of genomic DNA. 
<0) The amount of pr8TM present jx:r 100 ng of genomic DNA. 



of sample. Therefore, the potential for PCR con- 
tamination in the laboratory Is reduced because 
amplified products cm i he *u »lyy.ed and disposed 
of without opening the reaction tube*. Second, 
this method suppotU the umi of a iiorm<jhV.Hlk>n 
gene (i.e., P-actin) for quantitative. PCR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
k»K phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching react (on 
plateau at different cycle*. This will make uiulll- 
$cn« analyst assays much cnlci tv develop, be- 
cause individual intcrnal-uiifipetUui* will nut be 
needed Tor each gene under analyaf*. Third, 
aam'plc throughput will mt-iwc dramatically 
with the new method because, there j» no post. 
PCM processing time. Additionally, writ king in a 
96-well format b highly compatible with auto- 
mation technology. 

The real-time 1>CR method is highly reprr*- 
ducible. Replica I g amplifications can be analyzed 



for ^ach sample minimising j>otcntL«l <frror. The. 
sysntm allow* for a very large assay dynamic 
runge (approaching- l,0O0,0<X)-fo1d starting tin- 
gel), Ualfig u .standard curve for the target oi in- 
terest, relative copy number values can be deter- 
mined for any unknown Naiuple. Fluorescent 
threshold values, Op contduir. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
KTo'l'CU methodology (Gibson ct al., this l.<uu<«) 
ha* also been developed, ft n ally, real time quan- 
titative I'Ctt methodology can be used tu devdup 
high-throughput screening aasays for a variety of 
applications [quantitative gene c*picd:>ioii (KT- 
PCR), gene copy axxayz (Itcr2, I11V, etc.), £cmv- 
typlng (knockout mouse analysis), and lmmum>* 
rcuj. ' 

Real-time PCU may al.io Ik; performed using 
intercalating dyes (Hlguchi ct al- such as 

ciJUditim bromide. The fluorogenie probe 
method offers a mafor advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and nonsp^Hflc PCR products are not de- 
tuned). 
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METHODS 

Generation or <t PUsmld Containing a Per rial 
cDNA Tor Human Factor VUI 

Total RNA hurvcMcd (ttNA*ol 11 from Tel Te«, Inc., 
hlKfidswood, TX) from e«11> it*itafccted with a factor VHl 
rKprauluii vector, pClSZ-tk-aSU (Katun ut al. WttG; Gor. 
wan ct al. 1900), A factor VIII partial cl >N A W}il4*otv WAS 
ftciittTnted by in* Kilt -'KiMieAnip KZ iTlh UNA PHI Kll 

(pan NtmR-or/y, Appiu-o iiiosyucniiv Poskm <:hy, CA)] 

uslnfc the l J <:u |>i*iui«« Pltfor m<uI lttrcv (prin»-r sequence* 
arc shown below), Tin' ampHcon was ream pi if in) aslnj; 
modified Mnt and Wrcv primers (appended with tomlll 
and //mcllJI rcslricilon sire sequences m the V end; und 
clonal Into jXiKM- 3Z (Proinc^u tu^rp,, Maduiou, WI). The 
resulting clone, pVRTM, was uwtl lor transient transection 
of £93 cell*. 



Amplification of Target DNA ami Duiccilon of 
Amplicon Factor VIII Plasmid DNA 

(pr*8*l*M) W<W (unpllftal wWi th<? p»iwK-i* mux S'-CXX:- 

crrcKX^\ACiAu:jxjAtxiicmv3* and i*rev s'-AAA<^:r- 

t^OCXnx^GA'JXi(rrAC , JC.3 l .Hi«ivnviU)ii -prtHhitvU ti 
np k:k product. The forward primer wan denned tu lev 
ognlxe u uxjImuv Mipnim* nmnd In the 5* untran&lated 
region of the patent pCU>Z.cKZ5J> pi tf an rid 01 id therefore 
tlws nut ;w"K'jUi: amplify the human factor VIII 
gene. I'rimopft wore chosen witli the av*ivt<Mtre of I he. com. 
pulcr program Oli^o 1,0 (Nut intra I lliu.?cicneos, lnv„ Ply- 
mouth, MN). The human p-acttn g^ne was amplified with 
the priiiu-n n-tit-lifi forward primer TC ACCOACAt !T 
GCCCATCTI'AC:OA-3' and P-actin reverse p*imcr V-CAfJ. 

C0GAACC0rr<:Anc;<:c.AA'j'GG.3'. The reaction pro- 
duced a ay 5- hp rC;u product. 

Amplification reactions (SO pj) contained a DNA 
sample, H»X K» lluffur II (S pj), 200 pM dATl\ dCTl\ 
dGTP, and 400 pM dUTI 1 , 1 tnx< MgCI 7f Unite Ampll 
7*<<</ t;na polymerase, 0,5 unit AmpKrasc uracil /V-Riy- 
«MMyIuM- <UNG), £0 pmok- <*f each faetoi VIII prlmvi, and 1S 
pi 1 1< il«* *>f uitoli |< *s0n pilmor. '11 jo icaetI«»M> at*o **mlolucd 
OHO Of (he following detection prnlw\* (100 nw rprh): 

P8j»rf»iic A'(KAM>Ac:crrcn , c:cu(:<rrc;criTcrn*r<n , cr- 

GCCTT(TAMRA)u 3' «ud p*nt*thi proU- 5 f (TAM)ATGWX:- 
X(TAMttA)CCCCCATCC:CATCp-3' where p indicates 
phmptmryUtiion nnd X hidlcotcs a linker arm nuclcotitic. 
Reaction ImIh*» wrrx- Wicn»A/t\p Optk^t IViIks (part Atim- 
IktNKOI 0933, Pcrkln Ulniur) that wore fro MikI (m< IVrklfi 
ntrucr) to |»Tvv«-til ligftl from /cflcctln^i Tube cap* were 
simiKiv to Mic*n>AiVtp C^njta l>ul specially dcaifliicd to pre* 

YClll H^IU W.M(tvTMta. All <i| 1|i<*IH;K i^ntm«tn(tl>lv» were 5U>v- 

plkui Ivy PK Applied U3t>6y*t<-iim {M*>4l^r CJHy, CA) except 
tht* fuctor VIII primers, which wru» xynthc^l/rd ul Ccncn 
lech, Inc. (Sovith Prunclsco, CA). Prohcv wm- ticsJ^at-d 
using the Oligr.7 4.0 flnfiworc, following guideline 
iicsiwi in tnc Model 7700 .Sequence pvimur hiatiuiuenl 
manual. Hrlcfiy, prubc T m ^hujUI |«- m Jcaat 5 U C hlfthrr 
matt the »rwu*ullux Uriii^iAUirc ittcd during I her m ul cy- 
rlutg; primers slto\ild not fuim M<il;lv duplexed with the 
probe. 

The ihcnufll i*ycllng coitditloivs Included 2 iiiln »t 
50 v C and 10 niin al 9S"C. 'Hiej-tnal cycling procerded with 



rcactioiu were performed io th<» Model 7700 Sequence IX*- 
Uilor (PE Apphed Ulcwyvlvmw), whleh ctmuLm m Gcne- 
Anip W:U System P6O0* lUsac-lton cwiOition^ w<-rf* pro* 
Rnitimtixl uit .i hiwvr Macmt<»>h 7100 (Apple O.impntor, 
Santa Qara, CiA) linked clirvtily to the Model V700 
qucttcv iXilffdor* Aii»1y ( *U *» f data wm* aIisw |wrf#»rmcd on 
\\w MmlntrMh compviicr, CVkllncilou and analytic mfiw;ire 
wu% dcvclotwl hi PK Appllixt nicKyxltuns. 



Tranifection of Cell* with Factor Vltl'Coiutruci 

J-Viur T17S Oasks of 293 cells {ATCX: CVLI. 1573), a human 
fetal kidney nMspei'tion cell line, wvrv gmwru lo 800() con- 
llucm-y aftwl tranifccted plWKi. Cells won* grown in tlu» 
following mcdlat 50% HAM'M ¥\2 without CUT, 5(V3T» 
^ilucosc Huitwen'a rmxllflrri Ka>»le rneclium (OMIiM) wlth» 
enn glycine with sodium bicarNwiate, 10% letal Inmrtc 
serum, 2 iiim i-Klul«inii)t, dnd 1% penicillin-slrcptomy* 
tin. 'Hie media waa changed 30 roln Wo«' ih<* iransfee 
lion. pPUTM DKA amountei of 40, 4, OS, and 0.I pj; were 
i»Uite<M«> 1.A ml of a solution containing 0.125 m GaCI** 
and ^ x UiWYS. The four roixhirv* were left at room teni- 
pcrvtun* for UJ mln and then vdUvtt dmpwlsc lo ilw culls. 
'Hiv nw»k> wvichiuiUitcd at 37°C:"anrf i»% < X\ f<ir 24 hr. 
washed with PlUi, *«iU «wunpcnded In PllS. The : m i hu« 
jn-mh^l cdh were divided into tdit|uol« uod UNA WA4 ev- 
tmcted luunedlately uviiiK Ihv QIAynip RIcmkI Kit (Qia^n. 
ajatswvrth, <.VS), DNA wn.s eJuled Into 200 p.1 of 30 mw* 
TrU-ITG) ol pll ».0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP- 1 and WISP -2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt -4. Together with a third related gene, 
WTSP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-L These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and (//) Wnt-1 transgenic 
mice. The WISP~1 gene was localized to human chromosome 
8q24.1-8q24 J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic. protein Dishevelled 
(Dsn) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
/3-caten in levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to 0-catenin, and facilitates its degradation. Mutations in. 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-j3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von WHlebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 u-g of poty( A ) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening XgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 ^M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribb- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh). for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using: RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<ac t > where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The l^/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced^ Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling; 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of **40,000 (Af r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~ 27,000 (M r 27 it) (Fig. 25). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

CS7MQ 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1 -specific probe 
(amino acids 278-300) or a 190-bp WISP-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP^L 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1371 bp was isolated corresponding to those 
ESTs that encode a 354raa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-Iinked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. M). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine- rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor' (IGF)- 
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Fic. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain . 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP'l expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISPS and WISP-2. Expression of 
WISP-1 arid WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and £), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F),. expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (C and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28), Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISPS is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and/?). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT : 29 and WiDrcell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISPS was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WISPS in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P - 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRl (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin otvfc serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP- 1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpressiori, whereas oyerexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP^Q was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2 j describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16), Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and jS-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell -proliferation assays were 
done essentially as described 10,2 '. Briefly, after antigen pulsing OOjigml" 1 
TTCF) with tetrapeptides (l-2mgmT l ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates/ After 48 h, the cultures were pulsed 
with 1 u,Ci of 3 H- thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u-g TTCF with 0.25 fig 
pig.kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopepttde digestions. The peptides HIDNEEDI, H ID N(N- glucosamine) 
EEDI arid HIDNESDl, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminaJ lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycbpeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50'mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmT 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOrngmP 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar-. 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300 -ami no-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine- rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine- tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480; 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL* (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. GeKfiltration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
1.1 ± 0.1 nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose- dependent manner, with half-maximal inhibition at 
—0.1 n-gml" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results' 3 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



DCR3 
OPG 



DCR3 
OPG 



i E1r a[l|e g p GfEls l[l1c lvlalpallp vFpIa v r g v a 
i Hn kqJl c c aUJv fLud isikwttqetfIeI - -- -- - 

' : CRD1 — 

32 etIpItIyIpw r|d]a[evt|g e r[13v[c]a q|c^p4G:7|f v q r p[c] 

26 - -HlK&lL H ylfljEtEils H olilLldD kIj^ELEJSJJy L K Q Hid 

DCR3 63 RRD S PraT[BGfp]c|plPRHraQ F^NY L ERf^RgclN V 
OPG 55 TAKW KlijvfclAKSEiD H Y\xMd StHJH T ; S.D ElCJLbC£JSP 

™D2 " "~ 

[clH AlT'HiN R|a[c]r[c1r t[g]f F A H A G 
Ic|n. RliifliM-aJvljciEldK ElfijR Y L E I E 



DCR3 94 L 
OPG 86 V| 



R EEEARAl 
LQY V K Q E| 



. DCR3 125 fF^EfalAl^^JGlAEa I A pfc^Jpls Q[^a|£|Q 

opg 117 [giglJ * s r p^p <nl fIg rvl v o aIgMpJe RfcLlMdK 



P C1P P 



DcR3 
OPG 



156 [g] 
148 [gJ 



T ;E;S 

flejs. 



ASS 


'S'iS 


NET 





e q[c]q p[h1rIm^|t a lIg^aIIIn v pEIs 

A pUJr KbUT|iL£js V FU^ljLliJT Q KtfijN 

OCR3 187 S SfH^DlT LfclT SCTGFPLSTRVPGAE E|C\E|r|a|v I D 
OPG 179 A TlH DIN l|G|s GNSESTQKCG ID - VT L[G[E]E[AjF F R 

DCR3 218 FfIvA FQ.D IS IK r[Uq r[5|l Q aFIIe APEGWGPT-p[r| 
OPG 209 IZJA V P T KFTPN WUjs vtlJv D NUJP GTKVKAESV ElfiJ 

48 a g(r!a alqlklrr rFlIt eFlIl g a[q]d g[a]l - l[v| 
40- I kSIq hssqeqtf qLlIl kLlIw k hIqJn kIaJq d ilyj 



DCR3 24 
: OPG 2 



R L L 
K K I 



DCR3 278 QALRVARMPGL e[r]s V RE R f[E|p V H 300 
OPG 271 IQD IDLCEHSV QIrJh I G H A NQjT F E 293 




& <fi rt (ft Q * ^ O 

f|S III flJli if ef2 elg ll^illis 



win 




Fetal 



Adult 



Cell line 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1,14 " 16 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from -65% to 
-30%, with half-maximal inhibition at -lp-gmT 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 



Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteo protege rin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the W-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFRI-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by. 
FAGS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer, and resolved by get filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 




10-2 10-1 10O 
Inhibitor (u.g mH) : ", 



PBS IgG Fas DcR3 




% 20 



i 40 >^ 



10 20 
Time (h) 



10" 1 10° 10 1 
Inhibitor (jig mM) 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 * 19 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 



Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated, with Rag-tagged soluble FasL (sFasUSngml -1 ) oligomerized 
with anti-Flag antibody (0.1 p.g ml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human lgG1 arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a; in presence of 1 \lq ml" 1 DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human lgG1. Fas-Fc. or DcR3-Fc (10u.g ml" 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human lgG1 (triangles), and target-cell death was determined by 
release of 6t Cr (mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k. r), seven squamous-cell carcinomas (a, e, 
m, n, o, p. q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b).' Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane -associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a. third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR- family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. O 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). f ^ 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed- in. insect-SF9 cells or in human 293 cells, and purified as 
described 23 . V ;\ V= 

Fluorescence-activated celt sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 jJLg), together with pRK5 encoding CrmA 
(2p.g) to prevent cell death. After 16h, the cells were incubated with, 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRLjj and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov : statistical analysis. There was some detectable staining 
of vector : transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells, 

!mmu no precipitation. Human 293 cells were transfected as above, and 
metabolically labelled with ( 3S S] cysteine and [ 35 S J methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10p.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5 jig), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag- tagged soluble FasL (1 u,g) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25p,g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uj aliquots into micro titxe 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin -horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers: 

Equilibrium binding analysis. Microti tre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound Ugand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.gmT l ) for 24 h, and cultured 
in the presence of interleukin-2 (IOOUm! -1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with s, Cr-loaded Jurkat cells at an eftector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 5l Cr in effector-target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to —500 kilobases .from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-ClTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACTJ , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nudeo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i' u " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and Hisltf*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded 
sheet (P3 and [J8-0 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (01, P2, P4-P7, al and ot2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (3-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom, of arm I. as shown in a, towards arm It, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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NOVEL APPROACH TO QUANTITATIVE POLYMERASE CHAIN REACTION USING 
REAL-TIME DETECTION: APPLICATION TO THE DETECTION OF GENE 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in -reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PC R sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbBZ 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. J. 
Cancer 78:661 -666, 1998. 
© 1998 Wiley-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dm ins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi etai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
. to be amplified frequently in breast cancers include myc (8q24), 
ccndl (I lql3), and erb&2 (17qI2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Samon et ai, 1987). Muss et ai (1994) 
. suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufiQcieat). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e.,- 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e:. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et aL, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of Q 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and er6B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients, 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter Q (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



ETAL. 

of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et aL, 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N'\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erb&2) 

N = - -,, — - „ ,..- — . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

. Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
lO-io (iQ2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than .10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

. RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app\ which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/pl. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 s copies. 

Copy-number ratio of the 2 reference genes fapp and alb) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4q 1 1 -q 1 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai. 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject^ DNA would have resulted in differential amplification. 

myc, ccndl and crbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ± 0. 1 9) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and eibB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl ,1 to 15,1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Til 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

.Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (I myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1-9 2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor. DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of . 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix, blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al.. 
1996; Slamon et at, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al., 1992; Borg et ai, 1992). (iiij 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iV) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table 11. 



30-fold maximum) (Bernse/fl/., 1992; Borge/a/., 1 992; Courjal et 
ai, 1997). (v) The erbBl copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et aL, 1995; Deng et ai, 1996; Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure erb&2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Kccnd!/atb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity; Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foldj. The slightly higher frequency of gene amplification 
(especially ccndl and erbBI) obseryed>by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon <?/ a/.. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBI (but not of the other 2 proto- 
oncogenes) in several tumors; erbBI is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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